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Fig. 1.1 Composition ratio diagram of power sources in Japan (March, 2016) [1-3]
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Fig. 1.2 Energy density diagram of various fuel and battery material
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Table 1.1 Classification of engine types via way of gas heating and energy conversion




Volume Type Steam Engine Steam Locomotive






Spark Ignition Gasoline Engine Automobile
Motorcycle
GeneratorComp. Ignition Diesel Engine







1862 Beau De Rochas 4
1876 Nikolaus
August Otto Beau De Rochas 4
1894 10% 20%
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Fig. 1.3 History of gasoline engine technologies (~2010) [1]
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Fig. 1.4 Downsizing concept with a constant number of cylinders [15-16]













Research Octane Number, RON Motor Octane Number
MON 1970
2
1.7 AKI Anti-Knock Index TEL Tetraethyl Lead
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Methylcyclopentadienyl Manganese Tricarbonyl, MMT
MTBE Methyl Tertiary Butyl Ether ETBE Ethyl Tertiary Butyl Ether
[21]
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Fig. 1.7 Historically representative averaged trends in compression ratio,




LSPI Low Speed Pre-Ignition
[22-24]
1.8 [25]
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Fig. 1.10 Transition pathways into thermal runaway and rumble/wild ping [18]
Fig. 1.11 Example of knock damaged piston in gasoline engine [30]
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1.2.2
1923 Harry Ricardo [31]
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Rassweiler Lloyd Withrow [33] Cearcy D. Miller [34]
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Fig. 1.12 Schlieren photography pictures of knocking occurring end-gas area [37-38]
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H Alkyl radical(R) (R1.2)
RH + O2 2 (R1.2)
R
O2 Alkyl peroxy radical(RO2) (R1.3)
R + O2 RO2 (R1.3)
RO2 O R
H Alkyl hydro peroxy radical(QOOH) (R1.4)
RO2 QOOH (R1.4)
QOOH O2 Alkyl hydro peroxide peroxy
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Table 1.2 Proposed effects of parameters on LSPI frequency
Fig.1.16 Mechanism hypothesis of droplets triggered LSPI [54]
Class Parameter Direction LSPI Reference
Fuel
Phys. Property Heavy Fuel Increase 60
Chem. Property High Aromatic Increase 66
Mixture
Equiv. Ratio Rich Decrease 54, 55
Boost Pres. High pres. Increase 54, 55




In-cyl. Flow Increase 58
Oil
Base Oil Low API Group Increase 56
Additives High Ca, low Zn Increase 54, 56, 58, 65
Lubrication
Ring Tension Higher Tension Decrease 54, 63
Crevice Shape Higher Crevice Increase 62
Ventilation Oil Separator Lower Oil Re-flux Decrease 54, 59





Fig.1.17 Typical features of LSPI [25]
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Table 1.3 Organization of chapter 2 to 5 with methodologies and effective parameters
Chapter ExperimentalMethodology
Effective parameters
Fuel Lubricant OilBase Oil Additive
Mixture Oil/Fuel Droplet












[2] Vol. 50 No. 9 2016
[3] URL 2016
[4]




Turbo Engine from the Mercedes-Benz 4- 21st Aachen Colloquium
Automobile and Engine Technology, 2012
[8] Koichi Nakata, Shinichiro Nogawa, Daishi Takahashi, Yasushi Yoshihara, Atsunori Kumagai,
Paper 2015-01-1896
[9] Taisuke Shiraishi, Atsushi Teraji
Discharge Waveform Characteristics on Spark Channel Formation and Relationship between the
E Paper 2015-01-1895, 2015
[10]







[14] Rudolf Krebs, Rüdiger Szengel, Hermann Middendorf, Michael Fleiß, Alfons Laumann, Stefan
126
Vol.
66, No.11, p.844-85, 2005
[15] B. Heil, H. K. Weining, G. Karl, D. Panten, K.
-915, 2001
[16]
VIEWEG+ TEUBNER, p. 197-201, 2013
[17] - 4
3 2 6 5 -
https://www.marklines.com/ja/report_all/rep1107_201209#report_area_2 2012
[18 1st edition, McGraw-Hill
Education,
[19
Co-evolution of Gasoline Octane Number and Spark-
Engineering, Vol.1, No.16, 2016
[20] , Broadway Books, 2014
[21] CMC
2004
[22] S. S. Merola, P. Sementa, C. Tornatore,
Combustion in a Boosted Spark- , SAE Paper 2009-01-0697, 2009
[23] Jean-Marc Zaccardi, Laurent Duval, of Specific Tools for
Analysis and Quantification of Pre- -01-1795,
2009
[24]
Power Density Irregular Combustion and -24-0056, 2009







[28] -Ki-Meter zur quantitavien Bestimmung der
[29 -Ignition and Knocking Combustion in Spark Ignition
[30] R. J. Nates and A. D. B. Y -
Paper 942064, 1994
[31]





[34] Cearcy D. Miller, -Speed Photographs
of Combustion in a Spark- -TR-761,
ID19930091840, 1943
[35 -Dim
SAE Paper 630487, 1963
[36 - Theoretical and Experimental
[37] Y. Nakajima, T
Effective in Improving Anti-Knock Performance of a Spark-
p.9-17, 1984
[38] Laser Shadowgraphic Analysis of Knocking in S.I.
Engine , SAE Paper 845001, 1984
[39 during Knocking Combustion by
[40] W. G. Lovell
p.2388-2438, 1948
[42] C. K. Westbrook, al Combustion
128
Proceedings of the Combustion Institute, Vol. 28, No. 2, p.1563-1577, 2000
[43] H. J. Curran, P. Gaffuri, W. J. Pitz, C. K. Wesbrook,
iso- -280, 2002
[44] 48 2011
[45] Toru Noda, Kazuya Hasegawa, Masaaki Kubo and Teruyuki Itoh
Knock Prediction Technique by Using a Zero-Dimensional Knocking Simulation with Chemical
-01-0618, 2004
[46] Reaction Design, http://www.reactiondesign.com/products/chemkin/, 2014
[47] Akira Miyoshi Detailed Kinetic Mechanism Generator for Versatile Fuel
Components and or
Advanced Engine Systems (COMODIA 2012), 2012
[48] Model Fuel Consortium, http://www.reactiondesign.com, 2012
[49] Yasuyuki Sakai, Akira Mi
Oxidation of Primary Reference Fuel-Toluene Mixtures including Cross Reactions between
-418,
2009
[50] G. T. Kalghatgi, Fuel Anti-Knock Quality - Part I. Engine Studies , SAE Paper 2001-01-3584,
2001
[51] Fuel Anti-Knock Quality- Part II. Vehicle Studies - How Relevant is Motor
Octane Number (MON) in Modern En -01-3585, 2001
[52] The Relevance of Fuel RON and MON to Knock Onset in
Modern SI Engines -01-2414, 2008
[53] Amer Amer, Hassan Babiker, Junseok Chang, Gautam Kalghatgi, Philipp Adomeit, Adrien
Fuel Effects on Knock in a Highly Boosted Direct Injection Spark Ignition
Engine , SAE Int. J. Fuels Lubr. Vol. 5, No. 3, p.1048-1065, 2012
[54] Akram Zahdeh, Peter Rothenberger, Wai Nguyen, Muniappan Anbarasu, Simon
Schmuck-Soldan, Jörg Schaefer, Thomas Goebel,
Pre- -01-0340, 2011
[55] Takuya Inoue, Yoshiki Inoue, Masahiro Ishikawa
SI Engine - T -01-1141, 2012
129
[56] Kazuo Takeuchi, Kosuke Fujimoto, Satoshi Hirano, Minoru Yamashita,
Engine Oil Effect on Abnormal Combustion in Turbocharged Direct Injection - Spark Ignition
Paper 2012-01-1615, 2012
[57] Christoph Dahnz, Kyung-Man Han , Ulrich Spicher, Max Magar, Robert Schießl, Ulrich Maas,
Investigations on Pre-Ignition in Highly Supercharged SI Engines , SAE Paper 2010-01-0355,
2010
[58] Stefan Palaveev, Max Magar, Heiko Kubach, Robert Schiessl, Ulrich Spicher, Ulrich Maas,
Premature Flame Initiation in a Turbocharged DISI Engine -Numerical and Experimental
Investigations , SAE Paper 2013-01-0252, 2013
[59] Erik Schünemann, Andreas Witt, Markus Selder, Christian Schwarz, Pre-ignition analysis on a
turbocharged gasoline engine with direct injection , 4th International Conference on Knocking in
Gasoline Engines, pp.380-393, 2013
[60] Fuel Octane and Volatility
Effects on the Stochastic Pre-Ignition Behavior of a 2.0L Gasoline Turbocharged DI Engine , SAE
Paper 2014-01-1226, 2014
[61] The Effect of EGR on Low-Speed
Pre-Ignition in Boosted SI Engines , SAE Paper 2011-01-0339, 2011
[62] The Effects of
Piston Crevices and Injection Strategy on Low-Speed Pre-Ignition in Boosted SI Engines , SAE
Paper 2012-01-1148, 2012
[63] Max Magar, Ulrich Spicher, Stefan Palaveev, Marcus Gohl, Gunther Müller, Christian
Lensch- Experimental Studies on the Occurrence of Low-Speed Pre-Ignition
in Turbocharged GDI Engines , SAE Paper 2015-01-0753, 2015
[64] Koji Morikawa, Yasuo Moriyoshi, Tatsuya Kuboyama, Yasuo Imai, Toshio Yamada, Koichi
Investigation and Improvement of LSPI Phenomena and Study of Combustion Strategy
in Highly Boosted SI Combustion in Low Speed Range , SAE Paper 2015-01-0756, 2015
[65] Satoshi Hirano, Minoru Yamashita, Kosuk Investigation of
Engine Oil Effect on Abnormal Combustion in Turbocharged Direct Injection -Spark Ignition
Engines (Part 2) , SAE Paper 2013-01-2569, 2013
[66] Controlling Low-Speed Pre-Ignition in
130
Modern Automotive Equipment Part 3: Identification of Key Additive Component Types and Other
Lubricant Composition Effects on Low-Speed Pre-Ignition , SAE Paper 2016-01-0717, 2016
[67]
CFD , , Vol. 45, No.4,
p.671-676, 2014
[68]
Vol. 46, No.4, p.763-768, 2015
[69] Mitsuaki Ohtomo, Hiroshi Miyagawa, Makoto Ko Effect
of a Single Oil Droplet on Ignition of Gasoline Mixture Proceeding of JSAE Annual Spring
Conference No.53-14, p.5-10, 2014
[70] Study of Low-Speed
Pre-Ignition in Boosted Spark Ignition Engine , SAE Paper 2014-01-1218, 2014
[71] Visualization and Analysis of LSPI
Mechanism Caused by Oil Droplet, Particle and Deposit in Highly Boosted SI Combustion in Low
Speed Range , SAE Paper 2015-01-0761, 2015
[72] Stefan Palaveev, Max Magar, Christian Disch, Robert Schießl, Heiko Kubach, Ulrich Spicher,
Simulations and experimental investigations of intermittent
pre-ignition series in a turbocharged DISI engine , 4th International Conference on Knocking in
Gasoline Engines (Berlin), p.414-442, 2013
[73] A contribution to better understanding the pre-ignition
phenomenon in highly charged internal combustion engines with direct fuel injection , 4th
International Conference on Knocking in Gasoline Engines (Berlin), p.41-61, 2013
[74] Thomas Lauer Model Approach for Pre-Ignition
Mechanisms , MTZ worldwide, Vol. 75, Issue 1, p.44-49, 2014










Kistler 5011B 0.2 deg.CA
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Table 2.1 Specification of a single cylinder engine
2.2.2
2.2
CFR Cooperative Fuel Research 4 OHV
Over Head Valve
CFR
CCR Critical Compression Ratio CCR
PRF Primary Reference Fuel PRF
n-heptane iso-octane n-











Compression Ratio - 12.0
Piston Specification - Flat
Fuel Preparation - Port fuel injection
Fuel Pressure MPa 0.3
Spark Plug Location - Central
Intake Valve Opening deg. BTDC 0 -30
Intake Valve Closing deg. ABDC 48 78
Exhaust Valve Opening deg. BBDC 28
Exhaust Valve Closing deg. ATDC 0
233






Fig. 2.1 Prepared fuel matrix on RON / MON map
RON MON
Engine Speed rpm 600 6 900 9
Viscosity SAE grade 30 30
Temp. 57 8 37 8
Pres. MPa 0.18 0.21 0.18 0.21
Water Temp. 100 2 100 2
Intake Temp. 52 1 38 14
Spark Timing deg. BTDC 13 (const.)
Mixture Temp. Natural Aspiration 149 1



































# Index of fuel






E10 E20 E85 E100 10
Table 2.3 Fuel properties for this research









- vol. % - - mass % g/mol - MJ/kg MJ/kg
01 10 90 - - - 89.8 89.9 84.1 15.9 0.0 112.7 15.0 44.3 2.76
02 - 100 - - - 99.9 99.8 84.1 15.9 0.0 114.2 15.0 44.3 2.76
03 - 50 50 - - 113.0 104.1 88.1 11.9 0.0 100.8 14.1 42.2 2.79
04 - - - - 100 95.4 85.3 86.9 13.1 0.0 97.2 14.4 42.5 2.76
05 16 10 74 - - 99.5 88.2 89.7 10.4 0.0 95.1 13.8 41.4 2.80
06 - - 60 - 40 105.9 88.8 89.0 11.0 0.0 99.1 13.9 41.3 2.77
07 - - - - 100 100.0 88.0 87.5 12.5 0.0 93.6 14.3 42.6 2.79
08 30 - 70 - - 89.3 77.4 89.4 10.6 0.0 94.1 13.8 41.5 2.80
09 - - 100 - - 123.1 108.0 91.3 8.8 0.0 92.1 13.4 40.5 2.81
10 - - - - 100 89.6 80.6 85.9 14.1 0.0 96.7 14.6 43.5 2.78
11 - - - 100 - 108.4 88.8 52.1 13.1 34.7 46.1 8.9 26.8 2.69
12 9 81 - 10 - 97.5 93.4 82.5 13.1 3.9 92.5 13.8 42.4 2.86
13 8 72 - 20 - 102.9 94.1 78.8 14.5 7.7 86.5 13.5 40.1 2.77
14 1.5 13.5 - 85 - 107.4 89.6 54.8 13.8 30.2 54.8 9.8 28.8 2.67
15 - - - 10 90 93.6 82.5 82.3 13.9 3.7 91.5 14.0 41.6 2.78
16 - - - 20 80 97.0 83.9 78.6 13.8 7.6 85.9 13.4 39.8 2.77
17 - - - 85 15 106.7 88.6 56.4 13.2 30.4 52.5 9.7 28.9 2.71
18 - - - 10 90 92.3 82.0 82.8 13.5 3.7 98.4 13.9 40.7 2.73
19 - - - 20 80 97.9 84.7 77.8 13.9 8.3 90.5 13.3 39.2 2.75
20 - - - 85 15 108.0 90.4 57.6 13.2 29.2 54.1 9.8 28.9 2.67
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2.2.3
2.4 IVC Intake Valve Close
1 deg.CA
Trace Knock Trace Knock 3
Indicated
Mean Effective Pressure, IMEP
#09
Table 2.4 Experimental settings and conditions
Engine Speed rpm 1200 2000
Boost Pressure bar(gauge) 0.0 0.4 0.6 0.8
Intake Air Temperature K 333.15
Equivalence Ratio - 1.0 (Stoichiometric)
Coolant Temperature 86
Oil Temperature 86















Table 2.5 Calculation conditions for simulating end-gas auto-ignition under
boosted engine and RON / MON measurement with CFR engine
Condition Parameters Boosted Engine RON MON
Intake Air Temperature K 333.15 325.15 422.15
Intake Air Pressure bar(gauge) 0.0 / 0.2 / 0.4 / 0.6 / 0.8 0.0 (atmospheric)
Coolant Temperature 86 100 100
Engine Speed rpm 1200 600 900
Spark Ignition Timing deg. BTDC 8 13 14-26




KLSA, Knock Limited Spark Advance





Fig. 2.2 Correlation between spark timing and CA50 (1200rpm, Boost pres. = 0.0 bar)
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Trace Knock CA50 RON MON
(a) 1200 rpm, boost pres. variation with retarded IVC
(b) 2000rpm, boost pres. variation with retarded IVC
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Boost pres. = 0.8 bar
#03 #06 #05
#07














RON MON #02 RON=99.9 MON=99.8 #05
RON=99.5 MON=88.2 ((a), (c)) ((b), (d))
2 Trace Knock





(a) In-cylinder pressure history with Fuel #02 (b) Heat release profile with Fuel #02
(c) In-cylinder pressure history with Fuel #05 (d) Heat release profile with Fuel #05
Fig. 2.5 Comparison of in-cylinder pressure and heat release profile














Ign. = -12 deg.ATDC
Ign. = -4 deg.ATDC















CA50 = 11 deg.ATDC
CA50 = 21 deg.ATDC














Ign. = -11 deg.ATDC
Ign. = 0 deg.ATDC















CA50 = 14 deg.ATDC
CA50 = 30 deg.ATDC
CA50 = 35 deg.ATDC
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(a) 1200 rpm, boost pres. = 0.0 bar (b) 2000 rpm, boost pres. = 0.0 bar
(c) 1200 rpm, boost pres. = 0.4 bar (d) 2000 rpm, boost pres. = 0.4 bar




Kalghatgi 2.1 ~ 2.3 [1-
2] OI Octane Index
PRF (2.1) K K Value
Octane Index RON MON
2.7
K 0 OI RON 100%
RON




S Sensitivity (2.2) RON MON
(2.3) K Value Sensitivity
OI = (1-K) RON + K MON (2.1)
S = RON MON (2.2)
OI = RON K S (2.3)
Fig. 2.7 Concept of K Value as a relative parameter to express knocking characteristics of each








K Value 2.8 RON MON Trace
Knock CA50 2.9 K Value OI Trace Knock CA50
K Value OI Trace Knock CA50 2.10
RON MON
K Value OI
Fig. 2.8 Example of correlation between RON/MON and trace knock limited CA50
Fig. 2.9 Example of correlation coefficient between OI and knock limited CA50
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Fig. 2.10 Correlation between OI and trace knock limited CA50 with optimized K value
Fig. 2.11 K Values as a function of IMEP (boost pressure) for each setting
K Value






































R + O2 RO2 (R1.3)
QOOH + O2 O2QOOH (R1.5)
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(a) Temperature profile of mixture
(b) Heat release profile of mixture
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2.4.4 MON
2.13 #02 RON=99.9 MON=99.8 #05 RON=99.5 MON=88.2
















Fig. 2.13 OI and calculated T by LTO (surrogate #05 fuel) for each operating condition (RON /







RON = 100, MON = 100







RON = 100, MON = 88
LTO Effect Increase





Fig. 2.14 Ignition delay time map and in-cylinder P & T history
(Fuel #05, stoichiometric mixture)
2.4.5
2.15










(a) 1200rpm, boost pres. = 0.0/0.4 bar, retarded IVC
(b) 2000rpm, boost pres. = 0.0/0.4 bar, retarded IVC
Fig. 2.15 Correlation between Octane Index and knock limited CA50
with both ethanol/non-ethanol fuels at different engine speeds and boost pressures
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NAC MEMRECAM K-4 10000 fps
frames per second
Table 3.1 Specifications of a single cylinder engine
Table 3.2 Experimental setting and condition for a single cylinder engine
Engine Specification - Single Cyl. Engine(Prototype)
Displacement cc 400
Bore / Stroke mm 79.7 / 81.1
Fuel Preparation - GDI (Lateral)
Fuel Pressure MPa 20 MPa
Injection Type - Multi-hole (6 holes)
Engine Speed rpm 1600
BMEP MPa 1.8-2.2
Intake Air Temp. K 333.15
Equivalence Ratio - 1.0 (Stoichiometric)
Ignition Timing deg. ATDC Trace Knock
Fuel - Market Gasoline (RON100)
Oil - Market Oil (5W-30)
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Table 3.3 Specifications of a visualization engine
Table 3.4 Experimental setting and condition for a visualization engine
Fig. 3.2 System of a visualization engine with oil lubrication
Engine Specification - Visualization Engine
Displacement cc 400
Bore / Stroke mm 78.0 / 84.0
Fuel Preparation - GDI (Side Injection)
Fuel Pressure MPa 20 MPa
Injection Type - Multi-hole (6 holes)
Engine Speed rpm 800-1600
BMEP MPa 0 (motoring)
Intake Air Temp. K 333.15
Fuel - Market Gasoline (RON100)
Oil - Market Oil (5W-30)
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Fig. 3.4 Visualized in-cylinder phenomenon of LSPI (the 1st abnormal cycle)
(a) -4.3 deg.ATDC (b) 0.9 deg.ATDC (c) 12.2 deg.ATDC (d) 21.7 deg.ATDC (e) 33.2 deg.ATDC




























Fig. 3.5 Behavior of flying objects (flame kernels) in LSPI (the 1st abnormal cycle)









Spark Plug Spark Plug Spark Plug Spark Plug














Flying ParticleFlying behind plugFlying Particle
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Fig. 3.7 Example of visualized intake & compression stroke





(a) -205 deg. ATDC (b) -40 deg. ATDC (c) -10 deg. ATDC
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Fig. 3.8 Visualized droplet flying process




























3.10 SOI = 240 deg. BTDC
Fig. 3.9 Effect of injection timing on the amount of droplets at TDC
(Engine speed = 1200 rpm)
Fig. 3.10 Effect of operation time on the amount of droplets
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Upst Apst k/kc peak)2 Atwood
3.13
3.13 SOI 300 deg. BTDC
SOI = 200 deg. BTDC
-40 deg. ATDC 3.9
SOI = 300 deg. BTDC 3.10
-30 deg. ATDC
3.14 Rayleigh Taylor
3 mm 3.8 2.0 mm
3
CFD Rayleigh Taylor
Table 3.5 Calculation condition for RT instability model for droplet flying estimation
Injection Timing [deg. BTDC] 200 / 300
Engine Speed [rpm] 1200
Boost Pressure [kPa (gauge)] 0
Lubricant Temp. [ ] 80
Intake Temp. [ ] 60
365
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Fig. 3.13 Wave height estimated by RT instability model
(Engine speed = 1200 rpm, SOI = 200 / 300 deg. BTDC)
Fig. 3.14 Wave height estimated by RT instability model




























Fig. 3.15 In-cylinder pressure of subsequent cycles
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Artificial LSPI Cycle
Spark Timing = -20deg.ATDC








Fig. 3.16 Summarized maximum pressure values of subsequent cycles
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Table 4.1 Specification of multi-cylinder engine
Table 4.2 Experimental setting and condition (multi-cyl. engine)
Engine Specification - 4 Cyl. Engine
Displacement cc 1600
Bore / Stroke mm 79.7 / 81.1
Compression Ratio - 10.5
Fuel Preparation - GDI
Injector Location - Side Mount
Injection Type - Multi-hole (6 holes)
Fuel Pressure MPa 20
Engine Speed rpm 1600
Boost Pres. (gauge) kPa 80
BMEP MPa 1.8-2.2
Intake Air Temp. K 333.15
Ignition Timing deg.ATDC Trace Knock
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A series of LSPI Event
(=counted as 1 event, regardless of LSPI cycle number)
0 1 2 3 4 5 6 7 8
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Fig. 4.3 Effect of oil/water temperature on LSPI frequency
Fig. 4.4 Effect of injection timing on LSPI frequency
4 Test1-4
Pre-Conditioning 3200 rpm IMEP = 7 bar,
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Table 4.3 Dominant components and additives of lubricant oil for internal comb. Engine
(Variants underlined and highlighted in red text: studied in this research)
(1) Base oil
PAO(Poly- -olefin)
[4] Carbon Number 30
(2) VII Viscosity Index Improver
PMA Polyacryl Methacrylate OCP Olefin
Copolymer
Component Function Typical Classification / Composition
Base oil
Base component of the oil.
Determines fundamental properties
of the lubricant.
Gr. I, Gr. II, Gr. III, Gr. IV, Gr. V
Viscosity Index
Improvers
Polymers to help reduce a
viscosity change with
changes in temperature.
PMA, OCP, styrene polymers
Metallic Detergent
Neutralises acidic species, reduces
deposits that form under high
temperature operating conditions.
Metals: Ca, Mg, Na
Soaps: Sulphonates, Salicylates, Phenates
Anti-Wear
Additives
Forms protective sacrificial layers





Suspends/disperses soot and sludge
to reduce formation of deposits. Succinimides, succinic esters
Anti-Oxidant
Reduces oil oxidation to control
viscosity increase and the build-up
















Bis- Tri- Boron Trifluoride BF3 Alminium
Trichloride AlCL3
(6) Anti-Oxidant













Matrix No. 2 4.5
Matrix No.1
Matrix No.2 RON = 95
Table 4.4 Matrix No.1: Basic oil matrix with Calcium and ZnDTP
Oil Sample
Ca Zn
Strategy mass % Strategy mass %
No. 1-1 High 0.332 Low 0.060
No. 1-2 High 0.329 Middle 0.090
No. 1-3 High 0.325 High 0.176
No. 1-4 Low 0.123 Middle 0.088
481
Table 4.5 Matrix No.2: Oil matrix with detailed components and additives
Oil Sample Base Oil Group Polymer Tyoe Dispersant Anti-oxidant FM
- - - - - -
No. 2-1 PMA High / Low MW Phenolic Not applied
No. 2-2 PMA High / Low MW Phenolic Not applied
No. 2-3 PMA High / Low MW Phenolic Not applied
No. 2-4 PMA High / Low MW Phenolic Not applied
No. 2-5 PMA High / Low MW Phenolic Not applied
No. 2-6 PMA High / Low MW Phenolic Not applied
No. 2-7 PMA High / Low MW Phenolic MoDTC
No. 2-8 OCP High / Low MW Phenolic Not applied
No. 2-9 PMA High MW only Phenolic Not applied
No. 2-10 PMA High / Low MW Low Phenolic Not applied
No. 2-11 PMA High / Low MW Aminic Not applied
No. 2-12 PMA High / Low MW Phenolic GMO
Oil Sample Detergent Ca Mg Na Zn Mo
- Metal Type mass % mass % mass % mass % mass %
No. 2-1 Ca Sulphonate (A) 0.097 0 0 0.07 0
No. 2-2 Ca Sulphonate (A) 0.294 0 0 0.06 0
No. 2-3 Ca Sulphonate (B) 0.097 0 0 0.06 0
No. 2-4 Ca Salycilate 0.097 0 0 0.06 0
No. 2-5 Mg Sulphonate (A) 0 0.297 0 0.07 0
No. 2-6 Ca/Na Sulphonate (A) 0.092 0 0.04 0.06 0
No. 2-7 Ca Sulphonate (A) 0.307 0 0 0.07 0.069
No. 2-8 Ca Sulphonate (A) 0.098 0 0 0.07 0
No. 2-9 Ca Sulphonate (A) 0.097 0 0 0.06 0
No. 2-10 Ca Sulphonate (A) 0.097 0 0 0.06 0
No. 2-11 Ca Sulphonate (A) 0.097 0 0 0.06 0




































Table 4.6 Matrix No.3: Fuel matrix with different distillation properties
Table 4.7 Reference oils with High/Low LSPI frequency for fuel sensitivity test
Fuel Sample - No.3-1 No.3-2 No.3-3 No.3-4
Octane
Number
RON - 94.6 95 94.8 96.6
MON - 85.8 86.2 85.9 85.6
Distillation
10 vol. % 55.8 56.3 56.8 48.0
20 vol. % 63.2 64.3 63.7 55.1
30 vol. % 67.9 69.0 68.4 61.4
40 vol. % 77.3 80.3 79.2 66.7
50 vol. % 101.4 104.4 100.6 78.8
60 vol. % 107.2 110.4 105.6 102.4
70 vol. % 112.7 117.5 110.0 107.8
80 vol. % 123.7 131.4 117.7 114.2
90 vol. % 161.4 161.8 144.0 131.0
95 vol. % 190.5 171.5 173.0 154.6
Paraffins vol. % 14.2 18.8 16.4 15.1
Isoparaffins vol. % 41.5 37.0 40.6 32.1
Olefins vol. % 3.9 3.7 3.8 13.8
Naphthenes vol. % 2.8 2.6 2.7 2.6
Aromatics vol. % 27.1 27.5 26.3 26.1
Oxygenates vol. % 10.5 10.4 10.2 10.2
Molecular
Formula
Carbon - 5.96 5.98 5.91 5.63
Hydrogen - 11.57 11.59 11.54 10.88
Oxygen - 0.21 0.21 0.20 0.19
Lower Heating Value MJ/kg 41.73 42.05 41.81 41.84
Sample Group Ca Mg Na Zn Mo
- - mass % mass % mass % mass % mass %
High Ref. 0.304 0 0 0.13 0





MCD Main Combustion Delay
ECN Estimated Cetane Number)
MCD 10%
















Table 4.8 Experimental condition of combustion bomb test
PDSC




Injection Pres. MPa 40









Fig. 4.8 Calcium sensitivity on LSPI frequency (Matrix No.1)
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Table 4.9 Result of multiple linear regression analysis on Matrix No.1
Table 4.10 LSPI frequency obtained by experiment on Matrix No.1




Ca mass % Zinc mass %
Constant
Standard partial regression coefficient
LSPI Freq. A B C
Test 1 : 86 -IT_120 0.12 -0.38 0.04
Test 2 : 86 -IT_160 0.30 -0.20 0.00
Test 3 : 50 -IT_120 2.07 -0.92 0.01
Test 4 : 50 -IT_160 2.58 -1.31 0.14
LSPI Freq.
(Experiment)
No.1-1 No. 1-2 No. 1-3 No. 1-4
Test 1 : 86 -IT_120 0.06 0.06 0.02 0.00
Test 2 : 86 -IT_160 0.12 0.06 0.08 0.00
Test 3 : 50 -IT_120 0.65 0.59 0.53 0.22
Test 4 : 50 -IT_160 0.88 0.88 0.73 0.36
LSPI Freq.
(Prediction)
No.1-1 No. 1-2 No. 1-3 No. 1-4
Test 1 : 86 -IT_120 0.06 0.06 0.01 0.02
Test 2 : 86 -IT_160 0.09 0.08 0.07 0.03
Test 3 : 50 -IT_120 0.65 0.61 0.53 0.19
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Based on Matrix No.1
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Fig. 4.12 Sensitivity of magnesium additive on LSPI frequency (Matrix No.2)
Fig. 4.13 Sensitivity of sodium additive on LSPI frequency (Matrix No.2)


























































































































Fig. 4.16 Fuel distillation effect on LSPI frequency (Matrix No.3)
y = 0.0148x - 1.7028
R² = 0.5508
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Fig. 4.17 MCD and ECN of various hydrocarbons (Bomb test)
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Fig. 5.2 O2 density and temperature conditions of CVC

















Mixing Ratio of Lubricant Oil mass % 0, 20, 50, 60, 80, 100
Pres. Difference (fuel ambient) MPa 30
Amount of Injection mg 1.0
Ambient Density kg/m3 12





(RCEM Rapid Compression and
Expansion Machine) 5.3 RCEM 5.2 RCEM
140 mm 260 mm
180 kg
Fig. 5.3 Experimental schematic of RCEM
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Table 5.2 Baseline specifications of the RCEM
Fig. 5.4 Cylinder head and injector mounting layout
























Fuel Type - Methane Mixture PRF Mixture
Initial Gas Pressure kPa 25 25
Initial Gas Temperature K 383.15 383.15
Compression Ratio - 14 : 1 10.5 : 1
Engine Speed rpm 800 800
Equivalence Ratio - 1.0 1.0
5108
Table 5.4 Properties of commercial oil A
Table 5.5 Properties of base oil B
Name - Commercial Oil A
Grade - SM/GF-4
Base Oil Group - Gr.
SAE Viscosity Grade - 5W-30
Density (15 deg. C) kg/m3 0.8414
Kinetic Viscosity
100 deg. C mm2/s 9.808
40 deg. C mm2/s 47.15
Viscosity Index - 200
Name - Base Oil B
Base Oil Group - Gr.
Density (15 deg. C) kg/m3 0.886
Kinetic Viscosity
100 deg. C mm2/s 10.8
40 deg. C mm2/s 93.9
Viscosity Index - 97
5109
Table 5.6 Experimental conditions of CVC and RCEM (Test1-8)
(Combinations of ambient conditions and droplet composition)
Case No. Method.
Ambient Conditions Droplets Injection Settings
Fuel Type Comp. Ratio Timing Inj. Pres. Amount
- - - - deg. ATDC MPa mg
Test 1 CVC Air Only - See Table 5.1
Test 2-5 RCEM Methane 14 : 1 -28 3.8 0.5
Test 6 RCEM 95 RON (PRF) 10.5 : 1 -22 3.8 0.5
Test 7 RCEM 90 - 100 RON (PRF) 10.5 : 1 -22 3.8 0.5
Test 8 RCEM 90 RON (PRF) 10.5 : 1 -22 3.8 0.5
Case No.
Droplet Composition
Fuel Com. Oil A Base Oil B Calcium ZnDTP




0 - 100 N/A N/A N/A
Test 2 0 - 8 N/A N/A N/A
Test 3 N/A 1 - 4 N/A N/A
Test 4 N/A 2 0 - 2 N/A
Test 5 N/A N/A 0 - 0.39 N/A
Test 6 N/A N/A 0 - 1.57 N/A
Test 7 N/A N/A 0.784 N/A











Fig. 5.6 Visualized combustion of commercial oil/fuel mixture
Lub. 20 % Lub. 50 % Lub. 60 % Lub. 80 % Lub. 100 %
SOI: t=0.0 msCondition: -10deg.ATDC





1.0 ms 10 deg. CA 3
-30 deg. ATDC

















a b c d
20 - 2.1 0.9 0.5 0.9 1.6 1.3 1.0
50 - 2.3 1.0 0.6 1.1 1.5 1.3 0.9
60 3.6 1.4 0.6 0.4 0.8 0.9 0.8 0.7
80 3.5 1.5 0.7 0.4 0.8 1.0 0.8 0.6
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Fig. 5.8 Visualized combustion of commercial oil/fuel mixture droplets
(Commercial oil mixture ratio = 1.5 wt %)
Fig. 5.9 Visualized combustion of commercial oil/fuel mixture droplets





















Mixture Ratio of Base Oil wt %









Fig. 5.11 Visualized combustion of base oil/fuel mixture droplets
(Base oil mixture ratio = 1.0 wt %)
Fig. 5.12 Visualized combustion of base oil/fuel mixture droplets
(Base oil mixture ratio = 4.0 wt %)
4 deg. ATDC 8 deg. ATDC 12 deg. ATDC 16 deg. ATDC
20 deg. ATDC 24 deg. ATDC 28 deg. ATDC 32 deg. ATDC
-3 deg. ATDC 1 deg. ATDC 5 deg. ATDC 9 deg. ATDC


























Mixture Ratio of Calcium Additive wt %
Calcium additives have less








Fig. 5.14 Visualized combustion of Calcium/base oil/fuel mixture droplets
(Base oil=2.0 wt % Calcium additive = 1.0 wt %, Methane/air premixed mixture)
Fig. 5.15 Visualized combustion of Ca/base oil/fuel mixture droplets
(Base oil=2.0 wt % Calcium additive = 2.0 wt %, Methane/air premixed mixture)
-1 deg. ATDC 3 deg. ATDC 7 deg. ATDC 11 deg. ATDC
15 deg. ATDC 19 deg. ATDC 23 deg. ATDC 27 deg. ATDC
7 deg. ATDC 11 deg. ATDC 15 deg. ATDC 19 deg. ATDC
















5.16 PRF(95 RON)/ Calcium













Fig. 5.16 Ignition delay times with Ca additive variation in droplets
(PRF/air premixed mixture)














Mixture Ratio of Calcium Additive wt %
Higher Calcium Additive Ratio
Faster Flame Kernel Growth
Higher Calcium Additive Ratio
Stable and Shorter Ignition Delay
(a) Flame Kernel
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Higher Ca Additive Ratio
Enhanced Ignition
5121
Fig. 5.18 Visualized combustion enhancement by Calcium additive in droplets
(Calcium additive = 0.784 wt % (low), without base oil, PRF/air premixed mixture)
Fig. 5.19 Visualized combustion enhancement by Calcium additive in droplets
(Calcium additive = 1.568 wt % (high), without base oil, PRF/air premixed mixture)
27 deg. ATDC 31 deg. ATDC 35 deg. ATDC 39 deg. ATDC
43 deg. ATDC 47 deg. ATDC 51 deg. ATDC 55 deg. ATDC
26 deg. ATDC 30 deg. ATDC 34 deg. ATDC 38 deg. ATDC
42 deg. ATDC 46 deg. ATDC 50 deg. ATDC 54 deg. ATDC
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Fig. 5.20 Ignition delay times with RON variation mixture with Ca additive in droplets















(b) Mass Burnt Fraction 10%
Lower RON Mixture with Ca Additive
Faster Flame Kernel Growth
Lower RON Mixture with Ca Additive
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Lower RON Mixture with Ca
Enhanced Ignition
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Fig. 5.22 Visualized combustion enhancement by low RON with Ca additive in droplets
(PRF/air mixture RON=95, Calcium additive = 0.784 wt %, without base oil)
Fig. 5.23 Visualized combustion enhancement by low RON with Ca additive in droplets
(PRF/air mixture RON=90, Calcium additive = 0.784 wt %, without base oil)
27 deg. ATDC 31 deg. ATDC 35 deg. ATDC 39 deg. ATDC
43 deg. ATDC 47 deg. ATDC 51 deg. ATDC 55 deg. ATDC
21 deg. ATDC 25 deg. ATDC 29 deg. ATDC 33 deg. ATDC
37 deg. ATDC 41 deg. ATDC 45 deg. ATDC 49 deg. ATDC
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5.3.8 8 Ca Zn PRF
Calcium
ZnDTP
4 [3, 5, 6]. 6 PRF/ Calcium
ZnDTP
8
5.24 Calcium 0.784 wt % 6 7







Fig. 5.24 Ignition delay times with ZnDTP additive variation in droplets
(Calcium additive = 0.784 wt %, PRF/air mixture RON90)
Fig. 5.25 Pressure profiles inhibited by ZnDTP additive in droplets
















(b) Mass Burnt Fraction 10%
Higher Zinc Additive Ratio with Ca
Slower Flame Growth
Higher Zinc Additive Ratio with Ca
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High Zinc Additive Ratio
with Ca Inhibited Ignition
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Fig. 5.26 Visualized combustion without inhibition by ZnDTP additive in droplets
(Zinc=0 wt % (low), PRF/air mixture RON=90, Calcium = 0.784 wt %)
Fig. 5.27 Visualized combustion inhibition by ZnDTP additive in droplets
(Zinc=0.076 wt % (middle), PRF/air mixture RON=90, Calcium = 0.784 wt %)
21 deg. ATDC 25 deg. ATDC 29 deg. ATDC 33 deg. ATDC
37 deg. ATDC 41 deg. ATDC 45 deg. ATDC 49 deg. ATDC
27 deg. ATDC 31 deg. ATDC 35 deg. ATDC 39 deg. ATDC



























CH4 3 + H + (M) (R5.1)
CH3 + CH3 2H4 + H2 (R5.2)
CH3 + CH3 2H6 (R5.3)
CH3 2O + H (R5.4)
PRF C4 1
(R1.2) 1 R1.3 R1.4 2 R1.5
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RO2 QOOH (R1.4)
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Fig. 5.28 Revised hypothesis regarding additive effect on droplet ignition




Los Alamos National Laboratory 3D-CFD KIVA-4
CHEMKIN [12] 5.8
5.29 RCEM
Table 5.8 Sub-models used in the CFD code
Fig. 5.29 Computing mesh for this CFD study
Turbulence RNG k- model
Breakup and atomization TAB model
Collision
Chemical reaction CHEMKIN
Chemical species and reaction scheme








Bore : 125 mm











Fig. 5.30 Modified reaction scheme used for this CFD study























































Added as an isomer
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5.32 5.33 HCHO





Fig. 5.31 Ignition delay times with activation energy E1/E2 variation
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E1 changed (E2:100%) E2 changed (E1:69.5%)
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Fig. 5.32 HCHO concentration in the cylinder
Fig. 5.33 Temperature distribution in the cylinder
14deg.ATDC 15deg.ATDC 17deg.ATDC 18deg.ATDC16deg.ATDC
-22deg.ATDC -12deg.ATDC -2deg.ATDC 8deg.ATDC 13deg.ATDC
0 ppm
8000 ppm
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API American Petroleum Institute
ASTM American Society for Testing Materials
ATDC After Top Dead Center
BF3 Boron Torifluoride
BTDC Before Top Dead Center
CCR Critical Compression Ratio
CFR Cooperative Fuel Research
CNG Compressed Natural Gas
CVC Constant Volume Chamber
DI Direct Injection
ECN Estimated Cetane Number
EGR Exhaust Gas Re-circulation
ETBE Ethyl Tertiary Butyl Ether
EV Electric Vehicle
FCV Fuel Cell Vehicle
FM Friction Modifier
GDI Gasoline Direct Injection
GMO Glycerol Monooleate
GTL Gas To Liquid
HC Hydrocarbon
HEV Hybrid Electric Vehicle
HSPI High Speed Pre-Ignition
HTO High Temperature Oxidation
ILSAC International Lubricants Standardization and Approval Committee
IMEP Indicated Mean Effective Pressure
IT Injection Timing
151
IVC Intake Valve Close
LHV Lower Heating Value
LPG Liquefied Petroleum Gas
LSPI Low Speed Pre-Ignition
LTO Low Temperature Oxidation
MCD Main Combustion Delay
MMT Methylcyclopentadienyl Manganese Tricarbonyl
MoDTC Molybdenum Dithiocarbamate
MoDTP Molybdenum Dithiphosphate
MON Motoring Octane Number
MPI Multi Point Injection
MTBE Methyl Tertiary Butyl Ether
MW Molecular Weight
OCP Olefin Copolymer
OEM Original Equipment Manufacturer




PDSC Pressure Differential Scanning Calorimetry





PRF Primary Reference Fuel
RCEM Rapid Compression and Expansion Machine
RDE Real Driving Emission
RON Research Octane Number
SI Spark Ignition
152
SOI Start of Injection
TDC Top Dead Center
TEL Tetra-Ethyl Lead
VII Viscosity Index Improver
VOF Volume of Fluid
ZnDTP Zinc Dialkyldithiophosphate
